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Saturation mutagenesis of the mature human inter- 
1 ukin-la (IL-la) gene has been performed. Following 
expression in Escherichia coli, the biological and 
receptor binding activities of the mutant proteins were 
examined. Most of the molecule could be altered with 
little effect on either function. More than 3,500 mu- 
tants were examined, and only 23 unique amino acid 
sequences were identified which resulted in an altered 
ratio of biological to binding activity when compared 
with wild-type IL-la. These proteins possessed muta- 
tions at 38 of the 159 amino acid residues in IL-la. 
Random mutagenesis at several of these positions iden- 
tified further substitutions that affected activity. Ex- 
amination of a model for IL-la localized most of the 
r sidues which altered activity along one face of the 
molecule. This region appears to be distinct from areas 
of IL-1 which have been postulated to make contact 
with IL-1 receptor. 



Interleukin-1 (IL-1) 1 is a potent cytokine that is involved 
in inflammatory responses and affects the growth and differ- 
entiation of T cells, B cells, and fibroblasts (for review, see 
Durum et aL, 1985). The two molecules responsible for this 
activity, IL-la and IL-10, share only 22% amino acid similar- 
ity (March et aL, 1985; Auron et aL, 1987). Each binds to both 
forms of IL-1 receptor (Dower et aL, 1986; McMahan et aL, 
1991). Both IL-1 molecules are produced as intracellular 
precursors and are subsequently processed to mature proteins. 
Although the precursor form of IL-la is biologically active, 
only the mature form of IL-10 has any biological activity 
(Mosley et aL t 1987a, 1987b). cDNAs have been isolated 
encoding a third form of IL-1, IL-1 receptor antagonist (IL- 
Ira) (Carter et aL, 1990; Eisenberg et aL, 1990; Hannum et aL, 
1990). This molecule has homology to both IL-la and IL-1/3 
and has an affinity for the IL-1 receptors close to that seen 
for IL-la and IL-1/?, yet elicits no biological response from 
target cells (Arend et aL, 1990; Carter et a/ M 1990; Eisenberg 
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et aL, 1990; McMahan et aL, 1991). Alignments among these 
three sequences for several species do not indicate which 
residues are important for activity (Yanofsky and Zurawski, 
1990). The three-dimensional structures of IL-la (Graves et 
aL, 1990) and IL-10 (Gilliland et aL, 1987; Priestle et aL, 1990) 
demonstrate the structural similarity of the two molecules but 
do not suggest which regions of the molecules are responsible 
for activity. 

Deletion and combinatorial mutagenesis have identified 
residues at the amino terminus of IL-la which are needed for 
biological activity (Yanofsky and Zurawski, 1990). However, 
since the affinities of these mutants for IL-1 receptors were 
not examined, it is impossible to differentiate whether these 
mutations affect biological activity, the ability to bind IL-1 
receptor, or the structural integrity of the protein. The exist- 
ence of IL-lra demonstrates the ability to separate biological 
activity from binding activity. Although many site-directed 
mutations of IL-la and IL-1/3 have little effect on the function 
of the proteins (Gronenborn et al., 1988; Kamogashira et aL, 
1988a, 1988b; Craig al,, 1989), several mutants demonstrate 
greatly reduced biological activity with little change in affinity 
for the type I IL-1 receptor (Gehrke et aL, 1990; Yamayoshi 
et aL, 1990). 

Using a novel method of saturation mutagenesis, random 
mutations were generated throughout the entire sequence of 
IL-la. Assays to determine both biological and binding activ- 
ity were performed on several thousand mutant proteins. By 
examining the ratio of biological to binding activity for each 
mutant and comparing it with the ratio for wild-type IL-la, 
regions of IL-la which affect these two properties differen- 
tially were identified. 

MATERIALS AND METHODS 

Enzymes and Vectors— All restriction enzymes, T4 DNA ligase, 
and T4 polynucleotide kinase were obtained from Boehringer Mann- 
heim or New England Biolabs. BBGl, a plasmid bearing a synthetic 
gene for human IL-la, was purchased from British Biotechnology. 
The construction of pPLBBGIL-la has been described previously 
(Poindexter et al, 1991). An Spel site was added using site-directed 
mutagenesis. Plasmid DNA was purified by the alkaline lysis method 
(Ausubel et a/., 1988). 

DNA Synthesis— Oligonucleotide cassettes used for the construc- 
tion of mutants were synthesized on an Applied Biosystems model 
380A DNA synthesizer. For saturation mutagenesis each of the four 
phosphoramidites was contaminated with a small amount of the other 
three. The phosphoramidites were contaminated at two different 
levels, 4.2% for the sense strand and 8.4% for the antisense strand 
(Poindexter et aL, 1991). For random mutagenesis, the cassette was 
synthesized normally except for the substitution of an equimolar 
mixture of the four phosphoramidites for the three nucleotides mak- 
ing up the chosen codon. Oligonucleotides were purified by polyacryl- 
amide gel electrophoresis on a 40-cm 8% polyacrylamide, 7 M urea 
gel. Care was taken to excise full-length oligonucleotides, and the 
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FIG. 1. Coding sequence of human . 
IL-la gene used in saturation mu- 
tagenesis. The DNA sequence down- 
stream from the promoter of 
pPLBBGIL-lot is shown (accession no. 
X55445). The coding sequence is repre- 
sented by capital letters. The coding se- 
quence for the IL-la gene is divided into 
eight regions, named for the restriction 
eniymes that border them. The nine re- 
striction enzymes are Clal <C), EcoRl 
(R), Pstl (P), Sstl (S), Pvuil <U), BamHl 
(B), Spel (S), Bga (G), and HindlU (H). 
Thus the eight regions are CR, RP, PS, 
SU, UB, BS, SG, and GH. 



Clal iC) 

MSAPFSFLSNVKYNFMR 
1 atcgatactATGTCAGCACCTTTTAGCTTCCTGAGCAATGTGAAATACAACTTTATGAGG 60 
ECOKI <R) 

I IKYEFILNDALNQSI IRAN 
61 ATCATCAAATACGAATTCATTCTGAACGATGCATTGAACCAGTCTATTATTCGTGCAAAC 120 
Pstl (P) 

DQYLTAAALHNLDEAVKFDM 
121 GACCAGTACCTGACTGCAGC AGCCCTGCACAATCTGGACG AAGC AGTTAAATTCGAC ATG 180 
Sstll (S) 

GAY^SSKODAKITVILRISK 
181 GGTGCTTACAAGAGCTCGAAAGACGACGCAAAAATCACTGT AATCCTACGTATTTCTAAA 240 
PvuII (U) 

TQLYVTAQDEDQPVLLKEMP 
241 ACCCAGCTGTATGTAACTGCACAGGATGAAGATCAGCCAGTACTTCTGAAAGAAATGCCT 300 

BamHl (B) 

EIPKTITGSETNLLFFWETH 
301 GAGATCCCGAAGACTATCACTGGATCCGAGACTAACCTGCTGTTCTTCTGGGAAACTCAC 360 
Spel <S> 

GTKNlfFTSVAHPNLFIATKQ 
361 GGTACCAAAAACTACTTCACTAGTGTGGCTCATCCGAACCTGTTCATCGCGACAAAACAG 420 
Bgll (G) 

DYWVCLAGGPPS ITDFQILE 
421 GACTACTGGGTATGCCTGGCAGGCGGTCCGCCATCGATCACTGACTTCCAGATCCTCG AG 4 80 
Windlll (H) 

N Q A * * 
481 AACCAAGCATAATAAgatctaagctt 506 
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Fig. 2. Ability of biological and 
binding activity screens to identify 
mutants with altered activity. Panel 
A, 96 identical samples of wild-type IL- 
la. Panel B, 96 independent samples of 
wild-type IL-la. Panel C, 90 mutants of 
IL-la from the PS region (open circles) 
and 6 wild-type IL-la {closed circles). 
Panel D, 90 mutants of IL-la from the 
' WP region (open circles) and 6 wild- type 
IL-la (closed circles). The biological ac- 
tivity is expressed in units/ml, and the 
binding activity is the reciprocal dilution 
that results in 50% binding inhibition 
(see "Materials and Methods"). 
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oligonucleotides were deprotected and resuspended in TE (10 mM 
Tris-HCl, pH 7.4, 1 mM EDTA). 

Assembly and Cloning of Mutagenic Oligonucleotides — The general 
procedure has been described (Poindexter et at, 1991). Twenty pico- 
moles of each oligonucleotide in a mutagenic cassette were mixed in 
20 pi of TE and placed at 65 °C for 15 min. The mixture was allowed 
to cool slowly to room temperature and then placed on ice. Each 



mutagenic cassette had unique ends, allowing them to be ligated into 
appropriately cleaved vectors. To increase the efficiency of screening, 
intermediate vectors were constructed for each region. These inter- 
mediate vectors contained an irrelevant segment of DNA inserted 
between the relevant restriction enzyme sites. Insertion of the mu- 
tagenic cassette followed by restriction with an enzyme unique to the 
intermediate plasmid greatly reduced the incidence of vectors without 
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Fig. 3. Mutants with altered activities. The activity ratios 
were normalized to the internal wild-type IL-lcr controls and the 
mean from at least three screens for mutants with normalized ratios 
10-fold greater or less than IL-la are shown. Panel A, proteins 
generated by saturation mutagenesis. Panel B, proteins generated by 
site-directed random mutagenesis at single amino acid residues. The 
single letter amino acid code is used to describe the amino acid in 
wild-type IL-la, the number of the residue, and the amino acid of the 
mutant. An asterisk indicates single amino acid changes that were 
also isolated from the saturation mutagenesis screens. 



a cassette inserted. The ligation mixture was transformed into 
GMl[pRK248]. The trans form ants were screened for insertion of the 
mutagenic cassette by colony hybridization (Poindexter et at, 1991). 
Double-stranded sequencing of the vectors with inserts was performed 
using the dideoxy method (Sanger et at, 1977). 

Protein Expression and Analysis — Mutant proteins were produced 
by using a pH induction protocol (Poindexter and Gayle, 1991). Cells 
containing recombinant plasmids were inoculated into 24-well plates 
containing 1 ml of Superbroth (Ausubel et al, 1988), supplemented 
with M9 minimal salts and 1% glucose. Following overnight growth 
at 30 °C, the pH of the medium was shifted to 9 by the addition of 5 
M NaOH. The cells were grown at 30 °C at pH 9 for 18 h before the 
cells were pelleted. Cells (40 p\) were spun down in a 96-well plate at 
3,000 rpra for 15 min. The cells were resuspended in an equal volume 
of lysis buffer (125 mM Tris, pH 8, 2% SDS) and then 80 fi\ of 
phosphate-buffered saline (137 mM NaCl, 2.7 mM KC1, 4.3 mM 
Na 3 HPO«.7H a 0, 1.4 mM KH 2 HPO it pH 7.4) was added. The samples 
were then used for biological or binding assays. Binding activity was 
determined by the capacity of Escherichia coli cell lysates to inhibit 
the binding of radiolabeled IL-la to EL4 cells (Mosley et a/., 1987b). 
Biological activity was examined using an EL4 conversion assay 
(Mosley et al, 1987a). E. coli lysates containing wild-type IL-la were 
included in every assay as controls. The data were analyzed by a 
nonlinear least squares fitting routine, and activities were quantified 
using a standard curve, derived from purified IL-la, for each biolog- 
ical assay and each binding assay. 

Modeling IL-la Structure — The three-dimensional model of IL-la 
used in this study is an all atom protein model built using the Ca 
coordinates generated from the stereo diagrams of the crystal struc- 
ture (Graves et al, 1990). The X and Y coordinates for all of the Ca 
atoms were measured in the user unit using one of the two figures in 
the stereo diagram. The known standard distance of 3.8 A, expected 
between the successive Ca atoms, was used to scale and assign the Z 
coordinates for all of the Ca atoms. An all atom model of 159 residues 



was constructed in FRODO (Jones, 1985) from these 151 Ca coordi- 
nates (Leu-7 to Asn-157). The structure was refined in a modified 
version of Biograf (Peeples and Goldstein, 1989). 

Distances between the successive Ca atoms were computed in the 
X- Y projection by measuring the X and V coordinates from one of 
the two stereo diagrams. A value of +1, —1, or 0 was assigned to the 
Z coordinates of every Ca atom if it was above, below, or in the same 
depth as the previous Ca atom in the stereo view. The scale factor 
required to change the user unit to A unit was computed by equating 
the computed projection distance between two successive Ca atoms, 
with a sign of 0, to that of the standard distance of 3.8 A. The X and 
V coordinates of all of the Ca atoms were multiplied with this scale 
factor, and the projection distance between the successive Ca coor- 
dinates was computed. All of the projection distances measured this 
way will be either less than or equal to 3.8 A because of the Z 
flattening. Appropriate Z coordinates were then assigned to each Ca 
atom such that the computed distance between successive Ca meas- 
ured 3.8 A. The computed Z coordinates were multiplied with the 
sign assigned to them. The cumulative error in the computation of 
the Z coordinates was corrected by adjusting only the Z coordinates 
using a wire model. The accuracy of the computed coordinate was 
tested by superimposing the resulting Ca trace on to the structurally 
conserved regions of IL-10 structure. The^root mean square value for 
the structurally conserved region is 0.75 A. 

RESULTS 

Alteration of the IL-la Gene by Saturation Mutagenesis — 
The synthetic IL-la gene has unique restriction enzyme sites 
approximately every 60 base pairs, dividing the gene into 
eight different regions (Fig. 1). The mutants from each region 
of the molecule are described by the restriction enzymes found 
at each end of the region. Thus the eight regions are CR 
(CM-EcoRI), RP (EcoRI-PstI), PS (Pstl-Sstl), SU {Ssth 
Pvullh UB (Pvull-BamHl), BS (BamHl-Spelh SG (Spel- 
Bgll), and GH (BgH-Hindlll). Saturation mutagenesis using 
cassettes for each region was performed throughout the entire 
molecule, relying on a technique that results in very low levels 
of wild-type sequences and roughly equal probabilities of one 
to five nucleotide changes in any one region (Poindexter et 
al, 1991). The use of intermediate plasmids in the construc- 
tions, along with colony hybridizations (see "Materials and 
Methods"), greatly improved the yield of recombinant vectors, 
allowing insert frequencies over 90% to be achieved. More 
than 3,500 mutants were generated by this approach, encom- 
passing the eight regions of the IL-la gene (Fig. 1). 

In one region (RP), 30 mutants were sequenced to deter- 
mine accurately the mutation frequencies (Poindexter et al, 
1991). Those 30 mutants averaged 2.5 amino acid changes 
each, and every amino acid that could be altered in this region 
was found to be changed at least once. Several amino acids 
had three or four different substitutions. Sequencing mutants 
in each of the other seven regions did not reveal any deviation 
from the expected mutation frequency. More than 110 mu- 
tants were sequenced, and approximately 70% of the amino 
acid residues in IL-la were altered at least once. At this rate 
of mutagenesis, screening approximately 520 mutants, or 
roughly 65 mutants from each of the eight regions, should 
result in a 99% chance that all of the amino acids in IL-1« 
which could be changed were altered at least once (for a 
discussion of calculating these probabilities, see Hutchison et 
aly 1986). Thus, examination of 3,500 mutants should sample 
multiple mutations at every possible amino acid. 

Screening of Mutant IL-la Proteins— Determining both the 
biological activity and the ability to inhibit the binding of 
wild-type IL-la to the type I IL-1 receptor for each mutant 
allowed molecules to be identified which affected these two 
functions differentially. The ratio of biological activity to 
binding ability was examined. This ratio represents an intrin- 
sic specific activity of the molecule and therefore should be 
independent of protein concentration. To validate this ap- 
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Fig. 4. Sequence of mutants that 
alter activity. The amino acid se- 
quence of the relevant cassettes is shown 
with the amino acid changes for each 
mutant underneath. The single letter 
amino acid code is used. 
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proach, the biological activity and binding activity of 96 
identical samples of an E. coli lysate containing wild-type IL- 
la were determined (Fig. 2A). Plotting the biological activity 
against the binding activity resulted in a cluster of points, 
with the greatest error being in the biological activity, presum- 
ably because of the greater inherent variation in this assay 
than in the binding assay. Screening E. coli lysates from 96 
different inductions, each producing wild-type IL-la, resulted 
in the greater scatter with a tendency for the points to cluster 
along a line whose slope equaled the activity ratio of wild- 
type IL-la (Fig. 2B). Altering the concentration of wild-type 
IL-la only moves the ratio along this line. Dilutions were 
performed to verify that the activity seen was linear with 
respect to IL-la concentration (data not shown). The assays 
were able to distinguish levels of biological and binding activ- 
ity over a range greater than 1,000-fold. 

Mutants with a wild-type activity ratio should fall along 
the same line as wild-type IL-la controls included in each 
assay. Proteins with increased biological activity in compari- 
son to the amount of binding activity seen should fall above 
this line, whereas mutant proteins with decreased amounts of 
biological activity compared with the binding activity seen 
should fall below this line. For screening purposes, mutants 
were determined to have altered activity ratios if there was at 
least a 10- fold increase or decrease in the ratio relative to 
wild-type IL-la for at least three independent sets of assays. 
In addition, mutants whose E. coli lysates lacked activity in 
either assay were rescreened to verify the lack of activity. 

Approximately 1,700 clones were examined from the CR, 
PS, SU, and UB regions, encompassing more than one-half 
of the molecule. None of the mutants that demonstrated 



activity displayed any significant deviation from wild-type 
levels. These regions have an average of 2.2 amino acid 
changes per mutant (data not shown), which is not signifi- 
cantly different from the expected mutation rate. Fig. 2C 
displays a set of typical data for 90 mutants from the PS 
region of the molecule. The majority of these proteins have 
activity ratios similar to wild-type IL-la. The other three 
regions give similar profiles. — 

Although most of the 1,800 mutants examined from the 
other four regions (RP, BS, SG, and GH) had activity ratios 
within 10-fold of wild-type IL-la, each region included several 
mutants that had a ratio that deviated from the wild-type IL- 
la ratio by more than 10-fold. An analysis of 90 typical 
mutants from the RP region is shown in Fig. 2D. There are 
several mutants in this group which have significantly differ- 
ent activity ratios from wild-type IL-la. Although several of 
these mutants failed to maintain an altered activity ratio 
upon subsequent assays, many continued to have altered 
activity ratios. 

Mutants from saturation mutagenesis with activity ratios 
10- fold higher or 10-fold lower than wild-type are shown in 
Fig. 3A. IL-la showed itself to be extremely resilient to 
change. Only 24 unique DNA sequences, out of more than 
3,500 examined, produced protein that displayed a significant 
difference in activity from wild- type (Fig, 3A ). This represents 
less than 0.7% of the mutants examined. 

Of the 24 different mutants with altered ratios, 23 had 
unique amino acid sequences (Fig. 4). RP754 and RP761, 
although having the same amino acid sequence, have different 
DNA sequences. This demonstrates the power of this ap- 
proach since it was possible to identify two independent clones 
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fied several further single amino acid changes that affected 
the activity ratios of the molecule (Fig. 3B). Although none 
of the changes at Leu-28 or Tyr-1 21 appeared to affect the 
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of three regions important for activity is intriguing. Sinc^ 
IL-1 receptor is composed of three IgG-like domains, it has 
been postulated that each of the three domains interacts with 
a region on (Clore et al, 1991 ); Deletion of any of these 
three domains greatly reduces the binding of ligand (Dower 
and Sims, 1990). '. , , / : v : ' \ 
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FlG. 6. Alignment of human and murine IL-la, human and murine IL-l/S, and IL-1 receptor antagonist. Residues that are 
conserved in at least three of the sequences are boxed. The 0-strands for IL-la are shown above the sequence. The numbering for human IL- 
la and IL-10 is displayed on the right. Closed circles indicate amino acid residues that were changed in IL-la mutants with altered phenotypes. 
Open circles indicate residues in human IL-10 which have been postulated to interact with the type I IL-1 receptor. 



Using site-directed mutagenesis, single amino acid changes 
that decrease or increase the ratio of biological activity to 
binding ability were found at several positions in the molecule. 
At most of these locations only the substitution of specific 
amino acids had any impact on activity. Screening up to 100 
isolates revealed only a small number of specific amino acid 
substitutions at Lsu-24, Asn-25 f Asn-29, Gly-117, Gln-136, 
and P he- 152 which altered the activity ratio. Substitutions at 
Asp-26 and Asn-108 were exceptions. The presence of any of 
10 amino acids at Asp-26 altered the activity ratio. Changes 
at Asp-26 which reduce the amount of biological activity have 
been reported (Yamayoshi et al. t 1990). This may indicate 
that an Asp residue at position 26 is required for wild-type 
activity. Several hydrophilic substitutions at Asn-108 did not 
appear to affect biological activity (Zurawski, 1991). However, 
placing hydrophobic residues at this position did affect the 
ratio, with a relative increase in the biological activity. 

Few other reports of IL-la mutagenesis have distinguished 
between changes that affect biological activity and those that 
also alter the interactions of the protein with the receptor. 
Mutations at Asp- 151 differentially affect biological activity 
and binding ability (Yamayoshi et a/., 1990). Examination of 
a large group of IL-la mutants has previously revealed the 
importance of Asp-26 and Asp -151, but only the effects on 
biological activity were studied (Kawashima et al., 1992). 
Random combinatorial mutagenesis has identified amino 
acids in which substitutions have no effect on biological 
activity (Yanofsky and Zurawski, 1990). The lack of muta- 



tions at certain residues was used to infer the importance of 
these residues for biological activity. There was, however, no 
demonstration of the ability of these mutants to interact with 
the IL-1 receptor. Since only biological activity was examined, 
it is difficult to determine whether the constraints on amino 
acid residues were functional in nature or whether there were 
structural constraints as well. 

Sequence alignments of human and mouse IL-la and IL- 
1/3 are shown in Fig. 6. These molecules bind to the type I IL- 
1 receptor and are active in the EL4 conversion assay. Inclu- 
sion of IL-lra, a molecule that also binds to IL-1 receptor but 
produces no biological activity, in the alignment does not 
immediately reveal any obvious region that is responsible for 
the uncoupling of biological activity and the ability to bind 
receptor. The 39 amino acids identified in this report are also 
shown. Although many of these amino acids are found toward 
the COOH terminus of the molecule (which is the most highly 
conserved region of the molecule), there does not appear to 
be much selection for conserved residues. In fact, regions in 
which few amino acids are conserved, such as in strand 2 or 
strand 8, have several residues that appear to be important 
for activity. Although there are no data demonstrating that 
IL-la and IL-10 interact with the type I IL-1 receptor in the 
same fashion, residues of IL-10 which have been shown to be 
important for biological activity are found in positions ho- 
mologous to some of the residues identified for IL-la (Gehrke 
et aL t 1990; Ju et aL, 1991). 

Interestingly, residues of IL-10 which have been shown to 
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influence binding to the type I IL-1 receptor or have been 
proposed to interact with the receptor (Clore et aL % 1991; 
Grenfell et al. y 1991; Labriola-Tompkins et at, 1991; Veera- 
pandian et aL, 1992) are generally located outside the regions 
of IL-la shown in Fig. 5. Out of 45 amino acids postulated to 
be involved in binding of IL-10 only 9 overlap with residues 
identified in this study (Fig. 6). IL-la and IL-10 either have 
different regions interacting with the receptor, or there is a 
large region in IL-la and IL-10 which is required for biological 
activity but not for high affinity interactions with the recep- 
tor. 

A superfamily of molecules with protein folding similar to 
IL-1 has been proposed (Graves et al, 1990; Murzin et al t 
1992). This superfamily includes certain proteinase inhibitors 
and heparin-binding growth factors, such as fibroblast growth 
factor. Two forms of fibroblast growth factor have been shown 
to fold in a very similar fashion to IL-la and IL-10 (Ago et 
aL f 1991; Eriksson et ai t 1991; Zhang et aL, 1991; Zhu et al., 
1991), displaying 12 0-strands with a pseudo 3-fold symmetry. 
Several regions of the fibroblast growth factor molecule have 
been identified which are important for activity. These areas 
occupy spatially similar regions of the fibroblast growth factor 
three-dimensional structure as the amino acids of IL-la iden- 
tified by saturation mutagenesis. The modes of interaction 
between members of the IL-1 superfamily and their respective 
receptors may involve similar regions of the folded protein. 

The manner in which IL-1 generates a biological response 
is complicated. There are two different ligands, an IL-1 an- 
tagonist and two forms of IL-1 receptor (Dower et al., 1990). 
There is evidence for multiple pathways of signal transduction 
(for review see Sims et aL, 1993). The effect of IL-1 on a 
particular cell type may depend on the receptor found on the 
cell and which signaling pathway is being used. Analysis of 
the effect of these mutations on the different biological re- 
sponses may be helpful in further elucidation of IL-1 signal 
transduction. 
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